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013.04.0Abstract In this paper, the attitude stabilization problem of a rigid spacecraft described by Rodri-
gues parameters is investigated via a composite control strategy, which combines a feedback control
law designed by a ﬁnite time control technique with a feedforward compensator based on a linear
disturbance observer (DOB) method. By choosing a suitable coordinate transformation, the space-
craft dynamics can be divided into three second-order subsystems. Each subsystem includes a cer-
tain part and an uncertain part. By using the ﬁnite time control technique, a continuous ﬁnite time
controller is designed for the certain part. The uncertain part is considered to be a lumped distur-
bance, which is estimated by a DOB, and a corresponding feedforward design is then implemented
to compensate the disturbance. Simulation results are employed to conﬁrm the effectiveness of the
proposed approach.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
The attitude control of spacecraft is one of the fundamental
aeronautical control problems, which has attracted strong
attention in recent years.Many nonlinear approaches have been
proposed to solve the attitude control problem, including pas-
sivity-based control,1 adaptive control,2–4 optimal control,5,6
geometric approach,7 Lyapunov control,8–10 robust H1 con-
trol,11–13 sliding mode control,14–18 and ﬁnite time control.19–2183793785.
63.com (H. Sun), lsh@seu.
orial Committe of CJA.
g by Elsevier
ng by Elsevier Ltd. on behalf of C
32In practice, external disturbances always exist in space in
the form of radiation torque, gravitational torque, and other
environmental torques. The existence of external disturbances
may destroy system performance, induce vibration, and result
in instability. Many methods have been reported in the litera-
ture for inhibiting the inﬂuence of external disturbances, such
as Refs. 6,11–14. In Ref. 6, a robust and optimal attitude control
law is presented for spacecraft with external disturbances. This
control law is based on the min–max approach and the inverse
optimal approach. On the basis of the H1 method, a local sta-
bilization result is derived in Ref. 11, and a global stabilization
control law is further designed in Ref. 12. A controller scheme
based on sliding mode control is employed in Ref. 14. This
scheme shows a good robustness to disturbances. However,
chattering is an unavoidable problem while using sliding mode
control.
Another effective feedback control technique against dis-
turbances is the ﬁnite time control method.21–23 ComparedSAA & BUAA. Open access under CC BY-NC-ND license.
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stable systems have two advantages: better disturbance rejec-
tion performance and faster convergence property around
the equilibrium point.24 In view of the superiorities, the ﬁnite
time control technique has been used in various ﬁelds including
robotic systems25,26 and general system.27,28 In addition, the ﬁ-
nite time control method has also been employed to deal with
the problem of attitude control of spacecraft. For example,
based on the terminal sliding mode method and the ﬁnite time
control technique, a discontinuous ﬁnite time controller is de-
signed in Ref. 19. In Ref. 20, the problem of global set stabiliza-
tion is considered for a rigid spacecraft in the presence of
external disturbances. Moreover, it is veriﬁed that the system
states of the spacecraft with disturbances will be driven into
a small neighborhood of a set consisting of two equilibria. In
Ref. 21, on the basis of optimal control and ﬁnite-time control
techniques, a pseudo-optimal control law is developed. The use
of this control law can make the system trajectory converge to
a neighborhood of the equilibrium set in the presence of
disturbances.
As is well-known, in a spacecraft attitude control system,
it is not easy to measure the disturbances. Under these cir-
cumstances, disturbance estimation has become a feasible
method for measuring disturbances, for example, extended
state observer18,29 and disturbance observer (DOB). The
DOB method is originally proposed in Ref. 30 and has been
widely employed for feedforward compensation design. At
present, DOB-based control (DOBC) techniques for linear
and nonlinear systems have been developed and used in a
lot of control ﬁelds, e.g., space manipulator,31 robotic sys-
tems,32 hard disk drive systems,33,34 grinding systems,35 and
general systems.36–38
In this paper, a composite control strategy, combining the
ﬁnite time control law in the feedback path with a feedforward
compensation part on the basis of a linear DOB, is developed
for the attitude control of a rigid spacecraft in terms of Rodri-
gues parameters. In relation to the existing literature, the main
contributions of this work are as follows. By a coordinate
transformation, the system can be regarded as three second-or-
der subsystems, which is much clearer and easier for ﬁnite time
controller design than the method in Ref. 19. The DOB is used
to estimate not only the external disturbances but also the cou-
pling terms, which include the external disturbances and the
system states. The proposed method combines two disturbance
rejection control techniques, that is, the ﬁnite time control
technique and the DOB technique; the combination of these
two techniques has obvious advantages in terms of the conver-
gence and disturbance rejection performance.
2. Preliminaries and model description
2.1. Preliminaries
Deﬁnition 1. 39
(1) Given r1 r2    rn½  2 Rn; ri > 0, a continuous func-
tion VðxÞ 2 CðRn;RÞ is homogeneous of degree f> 0 if
there exists a positive real number f 2 R such that
8x 2 Rn n f0g; e > 0;Vðer1x1; er2x2;    ; ern xnÞ ¼ efVðx1; x2;
   ; xnÞ.(2) If there exists a real number f 2 R such that for
l ¼ 1; 2; . . . ; n; 8x 2 Rn n f0g; e > 0; hlðer1x1; er2x2;    ;
ern xnÞ ¼ efþrlhlðxÞ; r1 r2    rn½  2 Rn; rl > 0,
then a vector ﬁeld h (x) 2 C(Rn,Rn) is called to be homo-
geneous of degree f.
(3) A homogeneous p-norm is presented as kxkD;p ¼Pn
l¼1jxljp=rl
 1=p
; 8x 2 Rn, for a constant pP 1. For
simplicity, in this paper, p= 2 is chosen and the norm
is written as ixiD= ixiD,,2.
Deﬁnition 2. 40The system _y ¼ h1ðt; y; uaÞ; y 2 Rn; ua 2 Rm is
said to be input state stability (ISS) if there exist a class KL
function b and a class K function c such that for any initial
state y(t0) and any bounded input uaðtÞ, the solution y(t) exists
for all tP t0 and satisﬁes
kyðtÞk 6 bðkyðt0Þk; t t0Þ þ cð sup
t06s6t
kuaðsÞkÞ
such a function c is often referred to as an ISS-gain for the
system.
Lemma 1. 24Consider the system _y2 ¼ h2ðy2Þ; h2ð0Þ ¼ 0; y2 2 R.
Suppose there exists a continuous function V2ðy2Þ : U ! R such
that V2ðy2Þ is positive deﬁnite and there exist real numbers c> 0
and a 2 (0,1) and an open neighborhood U0  U of the origin
satisfying _V2ðy2Þ þ cVa2ðy2Þ 6 0; y2 2 U0 n f0g. Then, the origin
is a ﬁnite-time stable equilibrium of the system. If
U = U0 = R, the origin is a globally ﬁnite time stable equilib-
rium of the system.
Lemma 2. 19Consider the system _x1 ¼ 0:5x2; _x2 ¼ ub under the
controller
ub ¼  k1
2
xq2 þ kq2x1ð Þ2=q1
where k2 P 211=q þ k3; k1 P k1þq2 2 1q
 
211=q þ 222=q
k2
þ k3
 
;
k3 > 0; 1 < q ¼ q1=q2 < 2; q1 and q2 are positive odd integers,
then the closed-loop system is ﬁnite time stable.
Lemma 3. 41Let VðxÞ : Rn ! R be a homogenous function of
degree f with respect to [r1 r2 . . . rn]. Then the two condi-
tions hold.
(1) The homogeneous degree of function oVoxi is f  ri, where ri
is the homogeneous weight of xi.
(2) There is a constant c such that VðxÞ 6 ckxkfD. Moreover,
ckxkfD 6 VðxÞ, where c is a positive constant, if VðxÞ is
positive deﬁnite function.
Lemma 4. 39Consider cascade system
_x1 ¼ h1ðt; x1; x2Þ ð1Þ
_x2 ¼ h2ðt; x2Þ ð2Þ
If the following conditions are hold
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cally stable.
(2) Eq. (1) is input-to-state stable with respect to x2.
(3) Eq. (2) is globally uniformly asymptotically stable.
Then Eqs. (1) and (2) are globally uniformly asymptotically
stable.
Lemma 5. 40Let Vðt; xÞ : ½0;1Þ  Rn ! R be a continuously
differentiable function such that
a1ðkxkÞ 6 Vðt; xÞ 6 a2ðkxkÞ
@V
@t
þ @V
@x
hðt; x; udÞ 6 W3ðxÞ; 8kxkP vðkudkÞ > 0
(
8ðt; x; udÞ 2 ½0;1Þ  Rn  Rm; where a1 and a2 are class K func-
tion, and W3ðxÞ is a continuous positive deﬁnite function on R n.
Then, system _x ¼ hðt; x; udÞ; x 2 Rn; ud 2 Rm is ISS with
c ¼ a11  a2  v, where ‘‘’’ represents a mathematical symbol
of composite function.2.2. Spacecraft model description
Consider a spacecraft with body-ﬁxed reference frame RB with
basis vector [b1 b2 b3]. Here the spacecraft attitude consists
of the kinematic equation and the dynamic equation. The kine-
matic equation presents the relation between the time deriva-
tives of the angular coordinates and the angular velocity
vector, and the dynamic equation illustrates the evolution of
the velocity vector. Based on Rodrigues parameters, the kine-
matic equation of a spacecraft is given. These two equations
can be written as42,43
J _x ¼ sðxÞJxþ sþMðtÞ ð3Þ
_q ¼ HðqÞx ð4Þ
where J= diag(J1,J2,J3) is the inertia matrix,
x= [x1 x2 x3]
T the angular velocity vector with respect
to RB. s= [s1 s2 s3]
T the control input, and M(t) =
[M1(t) M2(t) M3(t)]
T the disturbances vector. The symbol
s(Æ) denotes a 3 · 3 skew-symmetric matrix, that is
sðxÞ ¼
0 x3 x2
x3 0 x1
x2 x1 0
24 35. q= [q1(t) q2(t) q3(t)]T is
Rodrigues parameters representing the attitude of a rigid
spacecraft with respect to a given inertial reference frame RI.
H(q) = (I  s(q) + qqT)/2 and I is a 3 · 3 identity matrix,
q ¼ e tan /
2
 
, where e and / show the Euler’s principal axis
and Euler’s principal angle,43 respectively.
Based on Eqs. (3) and (4), the model of spacecraft can be
rewritten as
_q1
_q2
_q3
2664
3775¼ 12
x1
x2
x3
2664
3775þ sðxÞ
q1
q2
q3
2664
3775
2664
3775þ 12ðx1q1þx2q2þx3q3Þ
q1
q2
q3
2664
3775
_x1¼ c1x2x3þu1ðtÞþd1ðtÞ
_x2¼ c2x1x3þu2ðtÞþd2ðtÞ
_x3¼ c3x1x2þu3ðtÞþd3ðtÞ
8>>>>>>><>>>>>>:
ð5Þwhere c1 ¼ ðJ2  J1Þ=J1; c2 ¼ ðJ3  J1Þ=J2; c3 ¼ ðJ1  J2Þ=J3; ui ¼ si=Ji;
diðtÞ ¼MiðtÞ=Ji; i ¼ 1;2; 3:
3. Composite control method based on ﬁnite time control and
disturbance observer techniques
In this paper, the controller design is divided into two parts:
the continuous ﬁnite time feedback control law and the feed-
forward compensation part based on the DOB. We deﬁne a
coordinate transformation as q ¼ q; x ¼ xþ f1ðx; qÞ, where
f1 ¼ sðxÞ
q1
q2
q3
264
375þ ðx1q1 þ x2q2 þ x3q3Þ q1q2
q3
264
375
then Eq. (5) can be transformed as
_q ¼ 1
2
x ð6Þ
_x ¼ uðtÞ þ dðtÞ þ f2 þ _f1 ð7Þ
where uðtÞ¼ ½u1ðtÞ u2ðtÞ u3ðtÞT;dðtÞ¼ ½d1ðtÞ d2ðtÞ d3ðtÞT;
f 2¼½c1x2x3 c2x1x3 c3x2x1: It should be noted thatf1 ¼
f11
f12
f13
2664
3775 ¼
x3q2  x2q3 þ x1q21 þ x2q1q2 þ x3q3q1
x1q3  x3q1 þ x1q1q2 þ x2q22 þ x3q3q2
x2q1  x1q2 þ x1q1q3 þ x2q2q3 þ x3q23
26664
37775
ð8Þ
Next we deﬁne the three subscripts (i, j, k) as the elements of
the set {Id:(i,j,k) 2 Id}, where Id = {(1,2,3),(2,3,1),(3,1,2)}.10
Then, Eq. (8) can be written asf1i ¼ xkqj  xjqk þ xiq2i þ xjqiqj þ xkqkqi ð9Þ
where (i,j,k) 2 Id. Hence, we have_f1i ¼ q2i uiðtÞ þ ðqiqj  qkÞujðtÞ þ xk _qj þ ðqkqi þ qjÞukðtÞ
 xj _qk þ 2xiqi _qi þ xjð _qiqj þ _qjqiÞ þ ckxixjqj
þ xkð _qkqi þ _qiqkÞ þ cixkxjq2i  cjxixkqk
þ cjxixkqiqj þ ckxixjqkqi þ q2i diðtÞ þ ðqiqj
 qkÞdjðtÞ þ ðqkqi þ qjÞdkðtÞ ð10Þ
Substituting Eq. (10) into Eq. (7) yields
_xi ¼ 1þ q2i
 
uiðtÞ þ ðqiqj  qkÞujðtÞ þ xk _qj þ ðqkqi
þ qjÞukðtÞ  xj _qk þ cixjxk þ 2xiqi _qi þ xjð _qiqj
þ _qjqiÞ þ ckxixjqj þ xkð _qkqi þ _qiqkÞ  cjxixkqk
þ cjxixkqiqj þ cixkxjq2i þ ckxixjqkqi
þ 1þ q2i
 
diðtÞ þ ðqiqj  qkÞdjðtÞ þ ðqkqi
þ qjÞdkðtÞ ð11Þ
Therefore, Eq. (7) can be rewritten as
_x ¼ AðqÞuþ dðtÞ þf ð12Þ
where
Fig. 1 Block diagram of system with disturbance observer.
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1þ q21 q1q2  q3 q1q3 þ q2
q1q2 þ q3 1þ q22 q2q3  q1
q1q3  q2 q2q3 þ q1 1þ q23
2664
3775
diðtÞ ¼ 1þ q2i
 
diðtÞ þ ðqiqj  qkÞdjðtÞ
þðqkqi þ qjÞdkðtÞ
fi ¼ xjð _qiqj þ _qjqiÞ þ xkð _qkqi þ _qiqkÞ
þxk _qj  xj _qk þ cixjxk þ ckxixjqj
cjxixkqk þ cixkxjq2i þ cjxixkqiqj
þckxixjqkqi; ði; j; kÞ 2 Id
8>>>>>>>>>>><>>>>>>>>>>>:
Remark 1. diðtÞ is viewed as the lumped disturbances. It
contains not only the external disturbances di(t) but also the
coupling terms between the external disturbances and the state
q.3.1. Feedback control law design
In the absence of external disturbances, i.e., di(t) = 0, we have
the following theorem.
Theorem 1. If the control law is designed as
u1ðtÞ
u2ðtÞ
u3ðtÞ
264
375 ¼ A1ðqÞ 
k1
2
xq1 þ kq2q1ð Þ2=q1  f1
 k1
2
xq2 þ kq2q2ð Þ2=q1  f2
 k1
2
xq3 þ kq2q3ð Þ2=q1  f3
2664
3775 ð13Þ
then the closed-loop system, consisting of Eqs. (6), (12) and (13),
is ﬁnite time stable, where k1, k2 and q are deﬁned as per Lemma
2.
Proof. Substituting Eq. (13) into Eq. (12), and combining it
with Eq. (6), yields
_qi ¼ 0:5xi; _xi ¼  k1
2
xqi þ kq2qið Þ2=q1 ði ¼ 1; 2; 3Þ
According to Lemma 2, the closed-loop system, consisting of
Eqs. (6), (12) and (13), is ﬁnite time stable. This completes
the proof. h3.2. Disturbance observer design
As is well-known, the performance of the closed-loop system
will degrade in the presence of external disturbances. In order
to enhance the disturbance rejection performance of system, a
DOB is introduced. The disturbances are estimated by the
DOB. And the estimated value of disturbances can be used
for the feedforward compensation. The block diagram of the
system with the DOB is shown in Fig. 1. Here G(s), K(s) and
Q(s) represent the system model, controller, and ﬁlter, respec-
tively. Signals R(s), C(s), U(s), Y(s), Dex(s), Dc(s), D(s), andbDfðsÞ denote the tracking reference, the feedback controller
output, plant input, output, external disturbances, coupling
terms, lumped disturbances, and, disturbances estimated by
DOB, respectively.The detailed derivation process for the disturbance rejec-
tion performance is as follows.
Assumption 1. The closed-loop system is stabilized by the
feedback part K(s) of the composite controller, and the lumped
disturbances have a bounded steady-state value, i.e., the value
satisﬁes the equation
lim
t!1
diðtÞ ¼ lim
s!0
sDðsÞ < 1
Assumption 2. 35 The ﬁlter Q(s) in the DOB satisﬁes the equa-
tion limsﬁ0Q(s) = 1, i.e., the steady-state gain of Q(s) is 1.
Deﬁnition 3. The disturbance estimation error Ed(s) between
the lumped disturbances D(s) and the estimation is expressed
as EdðsÞ ¼ DðsÞ  bDfðsÞ.
Now, under Assumptions 1 and 2 and Deﬁnition 3, we have
the following theorem.
Theorem 2. If the system with the DOB shown in Fig. 1 satisﬁes
Assumptions 1 and 2, then the estimation error ed(t) is asymp-
totically convergent to zero, i.e., the lumped disturbances diðtÞ
are asymptotically suppressed by the feedforward compensation
based on the DOB.
Proof. From Fig. 1, we have
DðsÞ ¼ DexðsÞ þDcðsÞ ð14Þ
YðsÞ ¼ GðsÞðUðsÞ þDexðsÞ þDcðsÞÞ
¼ GðsÞðUðsÞ þDðsÞÞbDfðsÞ ¼ QðsÞðG1ðsÞYðsÞ UðsÞÞ
8><>: ð15Þ
Based on Deﬁnition 3, the disturbance estimate error can be
written as Ed(s) = (1  Q(s))D(s). According to the Final-va-
lue Theorem, it can be further obtained that
edð1Þ ¼ lim
s!0
sEdðsÞ ¼ lim
s!0
ð1QðsÞÞlim
s!0
sDðsÞ
¼ lim
s!0
ð1QðsÞÞdð1Þ
Based on Assumptions 1 and 2, we obtain ed(1) = 0. Hence,
the disturbances are asymptotically rejected by the DOB. This
completes the proof. h
Since the closed-loop system, consisting of Eqs. (6), (12)
and (13), is rewritten as
_qi ¼ 0:5xi; _xi ¼ vi þ di ð16Þ
Composite control method for stabilizing spacecraft attitude in terms of Rodrigues parameters 691where mi is a virtual input to Eq. (16).
In order to obtain the DOBs, the transfer functions of Eq.
(16) should be known. The output of Eq. (16) is deﬁned as
yi ¼ qi. Then, the transfer function of Eq. (16) is given by
Gi(s) = 1/(2s
2). The low-pass ﬁlter of the following form is
chosen as
QiðsÞ ¼
1
ðkisþ 1Þn ; ki > 0 ðn ¼ 1; 2;   Þ
Remark 2. It can be noted that since the relative degree of
Gi(s) of Eq. (16) is two, for simplicity, the ﬁlter in the DOB is
chosen as QiðsÞ ¼ 1ðkisþ1Þ2.
Remark 3. Note that Eq. (5) is a nonlinear system, so we can
use a nonlinear disturbance observer to estimate the distur-
bance. However, it is difﬁcult to design a nonlinear disturbance
observer to estimate the disturbances. Fortunately, Eq. (5) has
a special structure, we can transform it to a linear system, see
Eq. (16), and then a linear disturbance observer is employed to
estimate the disturbances.
Remark 4. Note that the lumped disturbances di contain the
external disturbances and the coupling terms between system
states and external disturbances, which are estimated by
constructing DOBs and then feedforward compensated by
disturbance estimation. One may doubt that the control per-
formance may be degenerated and the closed-loop stability
may even be destroyed if the disturbance observer cannot efﬁ-
ciently estimate the lumped disturbances. This problem may be
avoided if the dynamics of the states is much slower than that
of the disturbance estimation procedure, and the DOBs may
still have a good dynamic estimation output.3.3. Composite controller design
As shown in Fig. 1, the composite controller can be expressed
as
u1ðtÞ
u2ðtÞ
u3ðtÞ
264
375 ¼ A1ðqÞ v1 
f1  ^d1
v2  f2  ^d2
v3  f3  ^d3
2664
3775 ð17Þ
i.e.,
s1ðtÞ
s2ðtÞ
s3ðtÞ
264
375 ¼ JA1ðqÞ v1 
f1  ^d1
v2  f2  ^d2
v3  f3  ^d3
2664
3775 ð18Þ
where vi ¼  k12 xqi þ kq2qið Þ2=q1.
Theorem 3. Under Assumptions 1 and 2, the closed-loop
system, consisting of Eqs. (6), (12) and (18), and disturbance
estimate error system, is asymptotically stable.
Proof. Substituting Eq. (18) into Eq. (12) and combining it
with Eq. (6) yields_qi ¼ 0:5xi; _xi ¼  k12 xqi þ kq2qið Þ
2=q1 þ edi
i:e:
_qi
_xi
 
¼ gþ 0
edi
 
ði ¼ 1; 2; 3Þ
ð19Þ
where g ¼ 0:5xi k1
2
xqi þ kq2qið Þ2=q1
 
; edi ¼ di  ^di.
According to Ref. 19, the Lyapunov function is constructed
as
Vðqi; xiÞ ¼ 1
2
q2i þ
Z xi
x
i
sq  xi
 q 21=q
ds ð20Þ
where xi ¼ k2q1=qi . Choose r1 = 1,r2 = 1/q.
By Deﬁnition 1, it is easy to conﬁrm that
Vðer1qi; er2 xiÞ ¼ e2Vðqi; xiÞ
Using Lemma 3, we obtain
ckzk2D 6 Vðqi; xiÞ 6 ckzk2D
@Vðqi ;xiÞ
@ xi
  6 c1kzk21=qD
8<:
where zT ¼ ½qi xiði ¼ 1; 2; 3Þ; c; c and c1 are positive constants.
Note that system _qi ¼ 0:5xi; _xi ¼  k12 xqi þ kq2qið Þ2=q1 is ﬁnite
time stable. According to Ref. 19, one obtains
@Vðqi; xiÞ
@z
g 6 cVm=2ðqi; xiÞ
where m= 1+ 1/q,c> 0. Then one has
_Vðqi; xiÞ ¼ @Vðqi ;xiÞ@z gþ @Vðqi ;xiÞ@ xi edi
6 cVm=2ðqi; xiÞ þ oVðqi ;xiÞoxi
			 			jedij
6 ~ckzkmD þ oVðqi ;xiÞoxi
			 			jedij
6 ~cð1 hÞkzkmD  ~chkzkmD þ c1kzk21=qD jedij
where ~c ¼ ccm=2; 0 < h < 1. Then, we have
_VðzÞ 6 ~cð1 hÞkzk2D; 8kzkD P
jedij
~ch

 q=ð2qÞ
With the above expressions and Lemma 5, one obtains that
Eq. (19) is input-to-state stable. So together with Theorem 2
and Lemma 4, one reaches a conclusion that system, consisting
of Eqs. (6), (12) and (18), and disturbance estimate error sys-
tem, is asymptotically stable. This completes the proof. h
Remark 5. Note that the initial values of the principal angle /
can usually be transformed or restricted into the scope of
[p,p]. It seems that the singular problem can be solved. How-
ever, in this case, there exist some drawbacks, for example, it is
not a global system description, and it is not suitable for large-
angle rotational maneuver, especially those with frequent con-
tinuous rotation. Furthermore, in Ref. 44, it has been pointed
out that continuous feedback controller cannot globally stabi-
lize the spacecraft attitude system. Eq. (18) is also a continuous
controller, which cannot guarantee the closed-loop global sta-
bility. In practice, however, in order to obtain the global stabil-
ization, the control law is always modiﬁed over a set of
measure zero, i.e., employing an open-loop strategy imple-
mented over an arbitrarily and ﬁnite small interval.4h02255
692 H. Sun, S. LiRemark 6. When Eq. (18) does not contain the feedforward
compensation part, it becomes Eq. (13). When q= 1, Eq.
(18) reduces to a type of DOB based PD controller
(PD +DOB). When Eq. (18) does not contain the feedfor-
ward compensation part and q= 1, it becomes a type of PD
controller.Fig. 2 Response curves of Rodrigues parameters in the presence
of step disturbances.
Fig. 3 Response curves of angular velocities in the presence of
step disturbances.4. Simulation results
According to Ref. 42, the inertia parameters are chosen as
J1 ¼ 10 kg m2; J2 ¼ 6:3 kg m2; J3 ¼ 8:5 kg m2
The initial states are chosen as
qð0Þ ¼ ½0:5 0:6 1:0T; xð0Þ ¼ ½0:5 1:2  1:4T rad=s
In order to demonstrate the effectiveness of the proposed com-
posite control method (ﬁnite time control with DOB, i.e.,
FTC +DOB, PD controller, PD + DOB controller and the
ﬁnite time controller (FTC) are used for comparison. To ob-
tain a fair comparison, ﬁrst, the control inputs si of the four
algorithms are not allowed to exceed ±10 N Æ m, and second,
the parameters of each control algorithm are regulated such
that all the four systems achieve relatively good performance.
The controller parameters are listed in Table 1.
4.1. Rejection ability of external disturbances
In this subsection, the external disturbances rejection ability of
the spacecraft system under the control of the proposed
FTC +DOB) method is investigated. And two types of exter-
nal disturbances, i.e., step disturbances and sinusoidal distur-
bances are imposed on the spacecraft system, separately.
(1) Case I: Step external disturbances. The disturbance signals
are set as M1(t) = 4 N Æ m, M2(t) = 5 N Æ m,M3(t) = 3
N Æ m. These signals are imposed on the spacecraft systems
at t= 10 s. Figs. 2–4 show the response curves of the
spacecraft system states and the control inputs for, PD
controller, PD+DOB controller, FTC and FTC+DOB
controller. It can be seen that the FTC+DOB controller
offers the fastest convergence and the best disturbance
rejection performance among the four control schemes.
The disturbance estimation results shown in Fig. 5 demon-
strate the effectiveness of the proposed method. It shows
that the DOBs can effectively estimate the lumped
disturbances.
(2) Case II: Sinusoidal external disturbances. The disturbance
signals are selected as M1(t) = 5sin(t p/2) N Æ m,
M2(t) = 6sin(t)N Æ m, M3(t) = 3sin(t p/2)N Æ m. These
signals are imposed on the spacecraft systems atTable 1 Controller parameters of the spacecraft attitude
control systems.
Method Controller parameters
PD k2 = 2, k1 = 25
PD+DOB k2 = 2, k1 = 26, k1 = k2 = k3 = 0.1
FTC k2 = 2, k1 = 28, q= 19/15
FTC+ DOB k2 = 2, k1 = 24, q= 19/15, k1 = k2 = k3 = 0.1t= 10 s. Figs. 6–8 depict the response curves of the
spacecraft system states and the control inputs for PD
controller, PD+DOB controller, FTC and FTC+DOB
controller. It can be observed from Figs. 6 and 7 that
the FTC+DOB controller presents the fastest conver-
gence and the best disturbance rejection performance than
other three control schemes. As shown in Fig. 9, the esti-
mated value of disturbances can effectively approximate
the real value.
Fig. 4 Curves of control input in the presence of step
disturbance.
Fig. 5 Curves of real value and estimated value of lumped
disturbances for every subsystem in the presence of step
disturbances.
Fig. 6 Response curves of Rodrigues parameters in the presence
of sinusoidal disturbances.
Fig. 7 Response curves of angular velocities in the presence of
sinusoidal disturbances.
Composite control method for stabilizing spacecraft attitude in terms of Rodrigues parameters 693Remark 7. From Figs. 1, 2, 5, 6, 7 and 9, it seems that by
adjusting the parameter of the disturbance observer, the
dynamical response of the disturbance observer is faster than
that of the system states, and the closed-loop performance ofthe system here can also be guaranteed by appropriately tuning
the parameters of the composite controller.
Fig. 8 Curves of control input in the presence of sinusoidal
disturbances.
Fig. 10 Response curves of Rodrigues parameters in the
presence of model uncertainties.
Fig. 11 Response curves of angular velocities in the presence of
model uncertainties.
Fig. 9 Curves of real value and estimated value of lumped
disturbances for every subsystem in the presence of sinusoidal
disturbances.
694 H. Sun, S. Li4.2. Robustness for model uncertainties
The robustness for model uncertainties of the proposed
FTC+DOB is studied in this part. To investigate the perfor-
mance of robustness in detail, the following model uncertain-
ties are considered.
J1 ¼ J10 þ DJ1; J2 ¼ J20 þ DJ2; J3 ¼ J30 þ DJ3
where J10 ¼ 10 kg m2;J20 ¼ 6:3 kg m2;J30 ¼ 8:5 kg m2;DJ1 ¼
2cosð0:1tÞ kg m2;DJ2 ¼ 2:3sinð0:2tÞ kg m2;DJ3 ¼ 1:5cosð0:3tÞ
kg m2: In such case, Figs. 10–12 show the response curves of
the states and controlled input for FTC+DOB controller.From the response curves of the states in Figs. 10 and 11, we
can conclude that the proposed method gains the good perfor-
mance of robustness.
5. Conclusions
A straightforward decoupling control method using ﬁnite time
control and disturbance observers has been developed for the
spacecraft attitude stabilization problem. By choosing a suit-
able coordinate transformation, the spacecraft model has re-
Fig. 12 Curves of control input in the presence of model
uncertainties.
Composite control method for stabilizing spacecraft attitude in terms of Rodrigues parameters 695duced to three second-order subsystems. Disturbance observ-
ers have been employed to estimate the external disturbances
and the coupling terms between the external disturbances
and the states. The ﬁnite time control technique has been em-
ployed to achieve feedback stabilization. Finally, numerical
examples have been provided to demonstrate the effectiveness
of the proposed method.Acknowledgements
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